China is faced with great challenges for its low urbanization quality and high water stress. Moreover, the relationship between urbanization quality and water resources is still ambiguous. Therefore, we firstly constructed an urbanization quality index (UQI) and a water resources constraint intensity index (WRCI) by a fuzzy comprehensive evaluation method with multi-objectives and multi-hierarchies. Secondly, based on the concept and method of "coupling" and "decoupling", we provided a method to explore the coordinated and uncoordinated relationships between UQI and WRCI from a spatiotemporal perspective. Finally, we used the statistical data of 51 prefecture level regions in Northwest China from the period 2000-2014 to analyze the spatiotemporal variation of the coupling and decoupling relationships between UQI and WRCI. Results show that, the UQI and WRCI in the whole Northwest China both belonged to low level, and that they had achieved strong decoupling during 2000-2014. However, the coupling and decoupling relationships between UQI and WRCI in Northwest China had great spatial disparity. From the HL-type regions (regions with high UQI & low WRCI) and strong decoupling type regions, we can find key development areas of Northwest China, where the relationships between UQI and WRCI were optimal and coordinated. From the LH-type regions (regions with low UQI & high WRCI) and strong negative decoupling type regions, we can find key problem areas, where the relationships between UQI and WRCI were the worst and uncoordinated. Our study developed an effective method for evaluating the sustainable development level of urbanization constrained by water resources in Northwest China and similar regions, which is significant for the New-Type Urbanization research in China.
Introduction
Rapid urbanization is usually accompanied by explosive increase of urban population, widespread economic growth, linear decreasing of ecosystem services and serious water scarcity, especially in arid and semi-arid regions [1] [2] [3] [4] [5] . This is evidenced by river and lake drying, land degradation, biodiversity loss, ecological migration, living standard declining, etc. [5] [6] [7] [8] . These changes have made scarce water resources as an even more significant restriction on regional urbanization, socio-economic development and environmental conservation [9, 10] . There are complicated interactions between urbanization and water resources [11, 12] . On the one hand, urbanization has both positive and negative effects on water Therefore, to contribute in filling the above literature gaps, we firstly constructed an urbanization quality index (UQI) and a water resources constraint intensity index (WRCI) by a fuzzy comprehensive evaluation method with multi-objectives and multi-hierarchies. Secondly, we drew lessons from the concept and method of "coupling" and "decoupling", and provided a method to explore the coordinated and uncoordinated relationships between UQI and WRCI from a spatiotemporal perspective. Finally, we used the statistical data of 51 prefecture level regions in Northwest China during 2000-2014 to analyze the spatiotemporal variation of the coupling coordinated relationships between UQI and WRCI, so as to find the key problem regions and put forward some policy implications.
Materials and Methods

Study Area
Northwest China, located in in the hinterland of Eurasian continent, has a typical arid and semi-arid continental climate, which is characterized by little precipitation, high evaporation and a wide range of temperature [58] . It traditionally includes the provinces of Shaanxi, Gansu, Qinghai and the autonomous regions of Xinjiang and Ningxia, and has 51 prefecture level cities and autonomous prefectures ( Figure 1 ). In 2014, it has an area of 3.1 million km 2 , occupying 32.44% of total area in China. However, its gross amount of water resources is 216.87 billion m 3 , only 7.95% of the national total. It has a population of 98 million, which accounts for 7.17% of China's total. The Gross Domestic Product (GDP) is 3890 billion yuan, which accounts for 6.11% of China's total. The population urbanization ratio, which is a frequently-used indicator for urbanization quantity, is 48.12%, and that in Ningxia, Shaanxi, Qinghai, Xinjiang and Gansu is 53.61%, 52.58%, 49.76%, 46 .07% and 41.68% respectively. It indicates that Northwest China is in the accelerating development stage of urbanization. The annual average growth rate of GDP is 12.60% during 2000-2014, much higher than the national average of 9.87%. With rapid urbanization and economic growth, Northwest China has been suffering from severe water scarcity [59] . The gap between water supply and demand may continue to intensify in the future [60] . In the context of "the Belt and Road Initiatives" and New-Type Urbanization, it is of practical significance to improve urbanization quality and lessen water resources constraint intensity in Northwest China. 
Indicator System of UQI & WRCI and Data Sources
To explore the coupling and decoupling relationships between urbanization quality and water resources constraint intensity, we firstly constructed an integrated indicator system to measure UQI and WRCI. The indicators were primarily selected according to the following general selection criterion [26, 49] : (1) cover the components of urbanization quality and water resources constraint intensity based on their connotations; (2) choose the most cited indicators; (3) choose the simplest indicators to facilitate data collection, understanding and dissemination; and (4) choose the comparable indicators to reflect the dynamic changes in different areas. Subsequently, we used Pearson correlation analysis by a statistical analysis software named SPSS (Statistical Package for the Social Sciences) to filtrate the general indicator system, so as to eliminate the pertinence among different indicators. The comprehensive indicator system to evaluate UQI and WRCI is listed in Table 1 . Table 1 . Comprehensive indicator system to evaluate urbanization quality index (UQI) and water resources constraint intensity index (WRCI). Among the above indicators, most of them are frequently used and easy to understand except for 4 indicators. Specifically, the excellent rate of urban air quality is the proportion of days that urban air quality has reached the national grade II standard to the number of days throughout the year. The urban-rural income gap is the ratio of urban per capita disposable income to rural per capita net income. The urban-rural labor productivity gap is the ratio of the secondary and tertiary industry value-added created by per unit of the secondary and tertiary industry employment to the primary industry value-added created by per unit of the primary industry employment. The regional disparity of economic development is expressed by the Gini coefficient of per capita GDP in the region. For prefecture-level administrative units, per capita GDP of county-level administrative units is used. For the whole Northwest China, per capita GDP of prefecture-level administrative units is used. The calculation formula is as follows [61] :
where G is the Gini coefficient; y i − y j is the absolute value of the difference of per capita GDP between any two study units; N is the number of study units; µ is the average value of per capita GDP in all study units. The basic data in this paper include socio-economic data and water resources data for the 51 prefecture level regions in Northwest China during 2000-2014. The socio-economic data are all obtained in the past years China Statistical Yearbook for Regional Economy, China City Statistical Yearbook, China Statistical Yearbook (County-Level), statistical yearbook of Shaanxi, Gansu, Qinghai, Ningxia, and Xinjiang respectively. The water resources data are all obtained in the past years Water Resources Communique of Shaanxi, Gansu, Qinghai, Ningxia, and Xinjiang respectively. To make economic data comparable in time series, all the economic data are calculated at comparable prices in 2000. For the whole region of Northwest China, we summed up the original total quantity indicators of the 51 prefecture level regions firstly, and then calculated the average quantity indicators, except that the excellent rate of urban air quality was the average value of the 51 prefecture level regions.
Fuzzy Comprehensive Evaluation Method with Multi-Objectives and Multi-Hierarchies
Evaluation Criterion and Multi-Objective Threshold Values
In order to make the evaluation results comparable in spatial and temporal series, we define UQI and WRCI and their primary indicators between 0 and 1, and divide all of them equally into 5 types or levels: low, lower, medium, higher and high (Table 2 ). Based on this definition, we ascertain the corresponding six upper and lower threshold values for the secondary indicators through related literature review and experience of developed countries and regions (Table 2 ). For example, if per capita water resources in a certain research unit are between 500 and 1000 m 3 , the integrated index of natural endowment of water resources will be between 0.2 and 0.4, and its corresponding WRCI will be between 0.6 and 0.8, which means that the water resources constraint intensity is "higher". Of course, the final integrated index of WRCI may be enhanced or reduced by other secondary indicators. For example, if water resources converted into the depth of surface runoff is not between 40 and 70 mm, the final type of the research unit may not be the "higher" level. It needs a comprehensive evaluation model under these circumstances.
Normalization and Multi-Hierarchies Aggregation Method
To make the secondary indicators have comparability in space and over time, we constructed a multi-objective fuzzy membership function based on fuzzy membership function [62] for normalization. It may translate them into a value score between 0 and 1 which represents the degree to which a decision objective is matched.
Specifically, suppose
W is an indicator set, and H is a comment set. According to Table 2 , there are 25 secondary indicators and 5 grading levels, so a = 25, and b = 5. h 1 represents low level and h 1 ∈ [k 1 , k 2 ). h 2 represents lower level and h 2 ∈ [k 2 , k 3 ). h 3 represents medium level and h 3 ∈ [k 3 , k 4 ). h 4 represents higher level and h 4 ∈ [k 4 , k 5 ). h 5 represents high level and h 5 ∈ [k 5 , k 6 ]. Obviously, k 1 = 0, k 2 = 0.2, k 3 = 0.4, k 4 = 0.6, k 5 = 0.8, k 6 = 1. For any indicator i, its actual threshold values u 1 , u 2 , u 3 , u 4 , u 5 , u 6 correspond to the normalized threshold values k 1 , k 2 , k 3 , k 4 , k 5 , k 6 respectively. For example, If the actual value of an indicator is between u 1 and u 2 , the normalized value will be between k 1 and k 2 . For positive indicators, the calculation formula is:
For negative indicators, the calculation formula is:
where s λij and x λij are the normalized value and actual value of indicator i in spatial unit j and in the year λ respectively. Due to different importance of different indicators, we need to calculate the weights of the primary and secondary indicators before indicator aggregation. Analytic Hierarchy Process (AHP) is widely used to determine the relative weights of available alternatives, and the calculation steps are as follows [67] [68] [69] [70] [71] :
Firstly, we should structure the complex issues in a hierarchical order and construct the pairwise comparisons judgment matrix A = a ij n×n according to the relative significance of attributes on fundamental scale from 1 to 9. 
where n denotes the number of attributes,
Secondly, Matrix B = b ij n×n is obtained by normalizing every column of A. The normalization procedure is as follows:
Thirdly, b i is obtained by calculating the sum of every column of matrix B.
Fourthly, the weight of indicator i is p i :
T is the approximate characteristic vector of A. Consistency check should be carried out to check the reliability of the result.
Calculate the approximate maximum Eigen value λ max :
Calculate the Consistency Index (CI):
Calculate the Consistency Ratio (CR):
where RI is the random index. The values of RI are listed in Table 3 . Generally, the consistency of judgment matrix is acceptable when CR ≤ 0.1. Otherwise, the judgment matrix must be rectified until the Consistency Ratio reaches the acceptable range.
Though AHP provides a comprehensive and rational framework to deal with complex decisions, it may cause useful information of some indicators to be lost [26, 72] . Therefore, it is necessary to use entropy technology to amend the weight of each indicator calculated by AHP. Here is the detailed procedure [26, 72] 
Firstly, information entropy of the indicator i is e i :
where b ij is calculated by Equation (5). Secondly, the entropy redundancy of the indicator i is g i :
Thirdly, the information weight of the indicator i is v i :
Finally, the indicator weight amended by entropy technology is r i :
where p i is the weight of indicator i calculated by AHP using Equation (7). Subsequently, we can use weighted aggregation to calculate the integrated indexes of the primary indicators and UQI and WRCI. To be simplified and concise, we only listed the formula to compute the UQI or WRCI.
where F λj is UQI or WRCI in spatial unit j and in year λ; p k i is the weight amended by entropy technology of indicator i to its primary indicator; p l k is the weight amended by entropy technology of the primary indicator to UQI or WRCI; m and n are the number of indicators in the corresponding hierarchy respectively.
Coupling and Decoupling Method from a Spatiotemporal Perspective
Spatial Coupling Classification Method
The concept of "coupling" originated in the field of physics, which defines a phenomenon in which two or more indicators impact on each other through various interactions [43] [44] [45] [46] [47] . UQI and WRCI are both comprehensive and complex indexes. They may impact on each other through their primary and secondary indicators indirectly. However, they do not impact on each other directly. In other words, they may have no direct causal relationship theoretically. Therefore, the quantitative relationship between these two variables may lose its real meaning. However, we may use spatial coupling type to reflect the coordinated relationship between UQI and WRCI. That's to say, for a certain region, when the UQI is high and the WRCI is low, it is a key development area with HL-type. When the UQI is low and the WRCI is high, it is a key problem area with LH-type. When the UQI and WRCI are both high (or both low), it is a common problem area with HH-type or LL-type.
According to the grading criterions of UQI and WRCI in Table 2 , there are five categories of UQI and WRCI respectively. Thus, there could be 25 kinds of coupling relationship between UQI and WRCI. To simplify the classification, taking 0.5 as the dividing line, we divided UQI and WRCI into high level (H type) and low level (L type) respectively. Subsequently, there are four spatial coupling types in total (Table 4) . Table 4 . Classification standard of spatial coupling relationship between UQI and WRCI.
Type Explanation
HH UQI ≥ 0.5, WRCI ≥ 0.5; a uncoordinated relationship and a common problem area with high water stress HL UQI ≥ 0.5, WRCI < 0.5; a coordinated relationship and a key development area LH UQI < 0.5, WRCI ≥ 0.5; a very uncoordinated relationship and a key problem area LL UQI < 0.5, WRCI < 0.5; a uncoordinated relationship and a common problem area with low UQI
Temporal Decoupling Classification Method
The concept of "decoupling" also originated from physics, which means dissociating the relationships among some physical variables [50] [51] [52] [53] [54] [55] [56] [57] 73] . Tapio (2005) [54] defined decoupling index based on the concept of elasticity analysis and provided eight logical possibilities for decoupling states, namely weak decoupling, expansive coupling, expansive negative decoupling, strong negative decoupling, weak negative decoupling, recessive coupling, recessive decoupling and strong decoupling.
Theoretically, the changes of UQI and WRCI may have no direct causal relationship, and the quantitative relationship between these two variables may lose its real meaning. However, we may use the decoupling index to reflect the temporal decoupling type between the changes of UQI and WRCI for a certain region. The specific calculation forum is as follows:
where ε denotes the decoupling elastic coefficient; ∆WRCI and ∆UQI denote the changes of water resources constraint intensity and urbanization quality index between a base year 0 to a target year t respectively. The decoupling state judgment is shown in Figure 2 . Weak decoupling state means the situation when the growth of WRCI is lower than the growth of UQI. Expansive coupling state means the situation when the growth of WRCI is approximately equal to the growth of UQI. Expansive negative decoupling state means the situation when the growth of WRCI is higher than the growth of UQI. Strong negative decoupling state means the situation when WRCI is increasing while UQI is declining. Weak negative decoupling state means the situation when the negative growth of WRCI is lower than the negative growth of UQI. Recessive coupling state means the situation when the negative growth of WRCI is approximately equal to the negative growth of UQI. Recessive decoupling state means the situation when the negative growth of WRCI is higher than the negative growth of UQI. Strong decoupling state means the situation when WRCI is declining while UQI is increasing.
Among the above eight states, strong decoupling is the optimal and coordinated state in which to realize the goal of lessening WRCI and improving UQI. In contrast, strong negative decoupling is the worst and uncoordinated state which is not conducive to the sustainable development of urbanization in water scarce regions. The others fall in between, and they are unsatisfactory because of the decline of UQI or the increase of WRCI. 
Results
Temporal Variation of UQI and WRCI of the Whole Northwest China
For the whole Northwest China, UQI and WRCI were both less than 0.5 during 2000-2014 (Figure 3a) , belonging to the LL spatial coupling type all along. The UQI increased slowly from 0.4607 in 2000 to 0.4898 in 2014 with a slight fluctuation. According to the grading criterions in Table  2 , it belonged to the medium level. The WRCI decreased from 0.4250 in 2000 to 0.3705 in 2014 with a relatively large fluctuation (Figure 3a) . According to the grading criterions in Table 2 , it belonged to the medium or lower level. It indicates that water resources have less strong constraint or weak constraint on socio-economic development. The whole Northwest China still has some potential to develop its water resources. However, the urbanization quality is not high and still needs to be improved. Figure 3b shows the decoupling states of the whole Northwest China during every one-year period in 2000-2014. On the whole, as the UQI increased and the WRCI decreased, the decoupling index is −5.05. Northwest China had achieved strong decoupling over the entire period. However 
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Spatiotemporal Variation of the Coupling Relationship between UQI and WRCI
Based on the classification method in Table 4 , the coupling relationships between UQI and WRCI in 51 prefecture level regions of Northwest China during 2000-2014 are illustrated in Figure 4 . Among them, HH-type regions were mainly distributed along the Eurasian Continental Bridge. Most of them were the core areas of urbanization development in Northwest China, while facing serious water resources constraint. The number of HH-type regions decreased from 14 in 2000 to 8 in 2007, and increased to 12 in 2014, with a slight fluctuation.
HL-type regions were centrally distributed in Xinjiang Autonomous Region and scattered in Gansu and Shaanxi Province. They had high urbanization quality and low water resources constraint intensity. The coupling relationship between UQI and WRCI in these regions were optimal and coordinated. They were key development areas of Northwest China. Fortunately, the number of HL-type regions increased from 7 in 2000 to 11 in 2014.
LH-type regions were mainly located in Eastern Gansu, Southern Ningxia and Central Shaanxi. These regions had low urbanization quality and high water resources constraint intensity. The coupling relationship between UQI and WRCI in these regions were the worst and uncoordinated. They were key problem areas of Northwest China. Unfortunately, the number of LH-type regions increased from 13 in 2000 to 21 in 2008, decreased to 9 in 2013 and increased to 13 in 2014.
LL-type regions were centrally distributed in Qinghai and scattered in Gansu, Xinjiang and Shaanxi. Most of them were minority nationality regions. They had good natural endowment of water resources. However, the infrastructures and urbanization processes were lagged. The number of LL-type regions, ranging from 16 to 23, was the largest among all the four kinds of regions in Northwest China. 
Based on the classification method in Table 4 HL-type regions were centrally distributed in Xinjiang Autonomous Region and scattered in Gansu and Shaanxi Province. They had high urbanization quality and low water resources constraint intensity. The coupling relationship between UQI and WRCI in these regions were optimal and coordinated. They were key development areas of Northwest China. Fortunately, the number of HL-type regions increased from 7 in 2000 to 11 in 2014.
Spatiotemporal Variation of the Decoupling Relationship between UQI and WRCI
Based on the temporal decoupling classification method, the decoupling relationships between UQI and WRCI in 51 prefecture level regions of Northwest China during 2000-2014 are illustrated in Figure 5 .
As shown in Figure 5 , during the entire period in 2000-2014, most prefecture level regions in Northwest China belonged to the decoupling type, occupying 60.78% of the total amount. They were widely distributed in the central and southern areas. The negative decoupling type and the coupling type occupied 25.49% and 13.73% respectively. They were scattered in border regions. More specifically, the strong decoupling type widely appeared in Northern Shaanxi, Ningxia, Northern Gansu and Northern Qinghai. The weak decoupling type occurred mainly in Western Xinjiang. The recessive decoupling type mainly occurred in Southern Qinghai and Southern Gansu. The negative decoupling type, mainly in the form of strong negative decoupling, widely occurred in Xinjiang and scattered in Shaanxi, Ningxia and Gansu. In addition, the expansive coupling type and the recessive coupling type were scattered in Northwest China. 
As shown in Figure 5 , during the entire period in 2000-2014, most prefecture level regions in Northwest China belonged to the decoupling type, occupying 60.78% of the total amount. They were widely distributed in the central and southern areas. The negative decoupling type and the coupling type occupied 25.49% and 13.73% respectively. They were scattered in border regions. More specifically, the strong decoupling type widely appeared in Northern Shaanxi, Ningxia, Northern Gansu and Northern Qinghai. The weak decoupling type occurred mainly in Western Xinjiang. The recessive decoupling type mainly occurred in Southern Qinghai and Southern Gansu. The negative decoupling type, mainly in the form of strong negative decoupling, widely occurred in Xinjiang and scattered in Shaanxi, Ningxia and Gansu. In addition, the expansive coupling type and the recessive coupling type were scattered in Northwest China. From the perspective of every one-year period changes in 2000-2014, Northwest China was confronted with great disparity in the decoupling relationship between UQI and WRCI ( Figure 5 ). On the whole, the decoupling type appeared 369 times, occupying 51.68% of the total amount. The negative decoupling type appeared 321 times, occupying 44.96%. The coupling type appeared 24 times, occupying 3.36%. More specifically, the strong decoupling type, which is the optimal and coordinated state, appeared 198 times and occupied 27.73%. The strong negative decoupling type, which is the worst and uncoordinated state, appeared 168 times and occupied 23.53%. The recessive decoupling type appeared 136 times and occupied 19.05%. The expansive negative decoupling type appeared 116 times and occupied 16.25%. The weak negative decoupling type appeared 37 times and occupied 5.18%. The weak decoupling type appeared 35 times and occupied 4.90%. The expansive coupling type appeared 15 times and occupied 2.10%. The recessive coupling type appeared 9 times and occupied 1.26%. In addition, most prefecture level regions had different decoupling types every one-year ( Figure 5 ).
Conclusions
This paper constructed an urbanization quality index (UQI) and a water resources constraint intensity index (WRCI), and provided a method to explore the coupling and decoupling From the perspective of every one-year period changes in 2000-2014, Northwest China was confronted with great disparity in the decoupling relationship between UQI and WRCI ( Figure 5 ). On the whole, the decoupling type appeared 369 times, occupying 51.68% of the total amount. The negative decoupling type appeared 321 times, occupying 44.96%. The coupling type appeared 24 times, occupying 3.36%. More specifically, the strong decoupling type, which is the optimal and coordinated state, appeared 198 times and occupied 27.73%. The strong negative decoupling type, which is the worst and uncoordinated state, appeared 168 times and occupied 23.53%. The recessive decoupling type appeared 136 times and occupied 19.05%. The expansive negative decoupling type appeared 116 times and occupied 16.25%. The weak negative decoupling type appeared 37 times and occupied 5.18%. The weak decoupling type appeared 35 times and occupied 4.90%. The expansive coupling type appeared 15 times and occupied 2.10%. The recessive coupling type appeared 9 times and occupied 1.26%. In addition, most prefecture level regions had different decoupling types every one-year ( Figure 5 ).
This paper constructed an urbanization quality index (UQI) and a water resources constraint intensity index (WRCI), and provided a method to explore the coupling and decoupling relationships between them from a spatiotemporal perspective. Northwest China was taken as an example to validate it, and the following conclusions and policy implications were obtained:
(1) The coupling relationship between UQI and WRCI in the whole Northwest China during 2000-2014 all belonged to LL-type. They had achieved strong decoupling which was the optimal and coordinated state during the entire period. However, the strong decoupling types only appeared in 2009-2010 and 2011-2012 . The relationships were uncoordinated in other years. It implicates that, on the one hand, Northwest China should greatly improve its urbanization quality in rapid urbanization, including urban economic development quality, urban social development quality, urban eco-environmental quality, and urban-rural and regional integration quality; on the other hand, when implementing "The Most Stringent Water Management System" to maintain the "three red lines" of water resources management [74, 75] , the whole Northwest China should explore its potentiality of water resources to the greatest extent. Only in this way can Northwest China realize the coordinated development of urbanization and water resources.
(2) Northwest China was confronted with great disparity in the coupling and decoupling relationships between UQI and WRCI during 2000-2014. Among them, HL-type regions and strong decoupling type regions, where the relationships were optimal and coordinated, were key development areas. They mainly scattered in Gansu and Shaanxi. LH-type regions and strong negative decoupling type regions, where the relationships were the worst and uncoordinated, were key problem areas. They mainly scattered in Shaanxi, Ningxia and Gansu. Other type regions, which were unsatisfactory due to low UQI, high WRCI, decline of UQI or increase of WRCI, were common problem area. It implicates that Northwest China should formulate different urbanization policies and water policies according to local conditions. Only after we delimit the key development areas and key problem areas by the coupling and decoupling relationships between UQI and WRCI can we formulate the targeted policies and measures.
In further study, based on the spatiotemporal characteristics in this paper, we can find out why the coupling and decoupling relationships between UQI and WRCI changed if we analyzed the changes of all indicators in detail. We can also find out the underlying reasons for a certain prefecture-level administrative units through field investigations. These further studies will be also significant to formulate the targeted policies and measures for the New-Type Urbanization constrained by water resources in Northwest China.
